Hydrocephalus causes damage to periventricular white matter at least in part through chronic ischemia. Magnesium sulfate (MgSO 4 ) has been shown to be protective in various models of neurologic injury. We hypothesized that this agent would ameliorate the effects of experimental childhood-onset hydrocephalus. Hydrocephalus was induced in 3-and 4-wk-old rats by injection of kaolin into the cisterna magna. Tests of cognitive and motor function were performed on a weekly basis. In a blinded and randomized manner, MgSO 4 was administered in two separate experiments (s.c. injection 0.85, 4.1, or 8.2 mM/kg/d), supplemented by osmotic minipump infusion (0.03 mM/d) to prevent low trough levels for 2 wk, beginning 2 wk after induction of hydrocephalus. The brains were then subjected to histopathological and biochemical analyses. With the 4.1 mM/ kg/d dose, serum Mg ϩϩ levels were elevated transiently from 1.3 to~7 mM/L. We observed statistically significant improvement in gait performance and reduced astroglial reaction. There was also a trend to improved memory performance, but no evidence of increased myelin or synaptic protein content. Hydrocephalus is a common neurologic condition characterized by pathologic dilation of the cerebral ventricles. It is usually caused by obstruction of cerebrospinal fluid (CSF) flow. Axon damage in the periventricular white matter is one of the earliest pathologic consequences of ventricular dilation in humans and animals (1). The pathophysiology of hydrocephalus-induced brain damage is multifactorial, with contributions made by gradual physical stretching, compression, ischemia and possible accumulation of metabolic waste products (2). It has been postulated that physical trauma and ischemic injury to axons combine to alter membrane permeability leading to local influx of calcium and activation of calpains, which can cause proteolytic damage to the axonal cytoskeleton (3).
Hydrocephalus is a common neurologic condition characterized by pathologic dilation of the cerebral ventricles. It is usually caused by obstruction of cerebrospinal fluid (CSF) flow. Axon damage in the periventricular white matter is one of the earliest pathologic consequences of ventricular dilation in humans and animals (1) . The pathophysiology of hydrocephalus-induced brain damage is multifactorial, with contributions made by gradual physical stretching, compression, ischemia and possible accumulation of metabolic waste products (2) . It has been postulated that physical trauma and ischemic injury to axons combine to alter membrane permeability leading to local influx of calcium and activation of calpains, which can cause proteolytic damage to the axonal cytoskeleton (3).
Magnesium is a calcium antagonist that blocks NMDA channel receptors in a voltage dependent manner, as well as voltage and receptor-operated calcium channels (4, 5) . Magnesium sulfate therapy reduces lipid peroxidation after experimental spinal cord injury (6) , long-term hypoxic-ischemic brain damage in 7-d-old rat (7) , and the volume of traumatic brain lesions (8) . It also facilitates recovery of function following electrolytic cortical injury (9) . Magnesium may act as a cerebral vasodilator thereby improving the cerebral circulation (10) and preventing cell damage. Clinically, magnesium sulfate is used for seizure prophylaxis in the management of pregnant women with eclampsia. Some reports suggest that this treatment is associated with reduced incidence of cerebral palsy in low birth weight infants (11) .
In an experimental model of hydrocephalus induced by injection of kaolin into the cisterna magna of immature rats we have previously demonstrated the presence of abnormal quantities of soluble ionic calcium and activated calpains in the periventricular white matter (3) . Diminished blood flow has been demonstrated in the white matter of hydrocephalic rats (12) . We hypothesized that administration of magnesium sul-
METHODS
All animals were treated in accordance with guidelines set forth by the Canadian Council on Animal Care. The experiments were approved by the local animal use committee. All efforts were made to minimize suffering and the number of animals used. The experimental protocol is summarized in Fig.  1 and detailed below.
Animal preparation. Sprague Dawley rats were bred locally and 62 males were delivered after weaning at age 3 wk (weight 39 -63 g). In the 1st experiment behavior testing was done before hydrocephalus induction. In the 2nd experiment rats were injected with kaolin immediately upon arrival, effectively 1 wk earlier than in the first experiment. Anesthesia was induced by intramuscular injection of ketamine/xylazine (90/5 mg/kg). The neck was shaved and, under aseptic conditions, a 27-gauge needle was inserted percutaneously into the cisterna magna. Sterile kaolin suspension (0.04 mL; 250 mg/mL in 0.9% saline) was injected slowly to induce hydrocephalus. In response to this quantity of kaolin, young rats experience gross enlargement of the cerebral ventricles and head and typically die within 6 wk. Controls received a sham injection with needle insertion only. Blood samples were taken from the tip of the rat's tail under anesthesia before kaolin injection to obtain a baseline serum magnesium level (using Hitachi 737 Clinical Chemistry Autoanalyzer). Two to three rats were housed in standard cages and provided with a normal 12-h day/night lighting schedule with free access to water and pelleted food. As the rats became impaired, moistened food and water were provided on the cage floors.
Magnetic resonance imaging and assignment to treatment group. Magnetic resonance (MR) studies were performed using a Bruker Biospec/3 MR scanner equipped with a 21-cm bore magnet operating at a field of 7 T (Karlsruhe, Germany) to obtain T 2 -weighted images of the brain in the coronal plane. The widths of the lateral ventricles and cerebrum were measured in the rostral cerebrum immediately anterior to the third ventricle. Frontal horn size was expressed as a ratio determined by dividing the total width of the ventricles by the width of the cerebrum. These methods have been previously described in detail (13, 14) . Rats underwent MR imaging no more than 24 h before commencement of drug treatments. After imaging (Fig.  2) , the rats were stratified according to ventricle size index and assigned alternatively to drug treatment or control groups. Rats underwent MR imaging 2 wk later, no more than 24 h before sacrifice. 4 treatment of hydrocephalic rats. The age of the rats is shown below the line and the drug dose is shown above the upper arrow. In experiment 1, weekly behavior testing (Test) was started before kaolin injection (Kaolin) whereas in experiment 2 kaolin was injected soon after weaning. Magnetic resonance imaging (MRI) was done before implantation of infusion pumps (Pump) and treatment onset. The final MRI was done no more than 24 h before sacrifice (Kill). 4 . In previously published work, short-term administration of 2.2-2.5 mM/kg/d MgSO 4 benefited young rats with hypoxic-ischemic brain injury (7, 15) and 2.2-5.0 mM/kg/d benefited adult rats with quinolinate or hypoglycemia-induced brain injury (16 -18) . Magnesium sulfate has a short half-life after bolus administration therefore we wanted to prevent low trough levels by continuous administration via osmotic minipumps. Sterile solutions of high (2.4 mM, saturated) and low dose (0. at the onset of treatment, this equals 0.2 mM/kg/d. Osmotic minipumps were preloaded by the senior author and provided to the animal handlers in a blinded manner. The rats were anesthetized with ketamine/xylazine and pumps were implanted s.c. on the back under aseptic conditions. The treatment code was not broken until all behavioral, structural, and biochemical analyses were complete. To achieve doses comparable to those therapeutic in other studies, we needed to add supplemental boluses daily. Using the same solutions, syringes were loaded in a blinded manner and 0.85 or 4.1 mM/kg/d was injected s.c. every morning. Tail blood was obtained various times after injection at the time of sacrifice to determine roughly the kinetics of magnesium in blood. In experiment 1 a single daily bolus did not keep serum magnesium trough levels elevated. Because the results showed a potential dosedependent benefit, a second experiment was performed with two groups; high dose infusion (2.4 mM) combined with 2 daily injections of MgSO 4 (total dose 8.2 mM/kg/d) compared with saline infusion/bolus control. The rats in this experiment were injected with kaolin 1 wk earlier (average weight 52.7g) than in the first experiment.
Preparation and administration of MgSO
Behavioral testing. The outcome measures and testing protocols are the same as those described in prior drug treatments of young rats with hydrocephalus (13) . All testing was done in a blinded manner. The rats were weighed twice per week. On a weekly basis, beginning before kaolin injection in experiment 1, or after kaolin injection in experiment 2, several specific behavioral tests were performed. The rats were always tested in the same order and a given rat was tested at the same time of the day from week to week.
On the first testing day of each week, swimming speed was tested in a 20-cm-deep 15-cm-wide water trough by measuring the time to swim 150 cm. Memory was then assessed in a modified water maze test using a 90-cm pool (filled with 22°C opacified water) that contained a 13-cm-round hidden platform 1 cm below the water surface as previously described (14, 19) . Testing took place in a dimly lit room with a single wall illuminated to provide directional cues. The rats were placed in the center of the pool and allowed to swim until they found the platform. A trial consisted of four attempts to find the platform, each attempt beginning with the rat facing a different quadrant. If the rat failed to complete the task in 60 s, it was given a 30-s rest period before the next attempt. Three trials were performed during the course of the day; each was separated by a 3-h interval. The times of the 4 attempts were averaged for each trial.
On the second testing day of each week, the rats were observed in an open field situation for a period of 1 min to assess arousal, grooming, and gait by using a previously validated set of parameters (20) . Quantitative monitoring of spontaneous activity was then performed for 10 min in a square enclosure (43 ϫ 43 cm) with 15 infrared beams (spaced every 3 cm) along the floor in each of two horizontal directions and a third set of similarly spaced beams 8.5 cm above the floor (Opto-Varimex; Columbus Instruments, Columbus OH, U.S.A.). Vertical, total, and ambulatory beam breaks were counted, the latter being defined as an interruption in a series of adjacent beams. Finally, gait agility was assessed using a rotating cylinder (7-cm diameter) (Economex, Columbus Instruments) in 2 separate trials. First, endurance at a constant speed of 5 rpm was assessed for a maximum of 2 min. Second, we measured the ability to stay on the cylinder, which accelerated beginning at 2.5 rpm and increasing at a rate of 0.1 rpm every second for up to 2 min. The time was recorded from the moment the rat was placed on the rotating cylinder until it fell off. The rotating cylinder test is complex and involves proprioceptive, tactile, vestibular, and motor functions.
Histopathological and biochemical studies of brains following drug treatments. At the end of the 2-wk drug treatment period and following the final MR imaging session, the rats were given an overdose of ketamine/xylazine (90:5 mg/kg), blood was drawn for magnesium level analysis, the vascular system cleared by transcardiac perfusion with ice-cold 0.1M PBS, and the brains were removed quickly. The cerebral hemispheres were spread apart to facilitate dissection of the corpus callosum from one side. Samples of the corpus callosum, parietal and frontal cerebrum, hippocampus, and cerebellum were dissected and frozen in liquid nitrogen, after which they were stored at Ϫ80°C. The remaining pieces were immersion fixed in 10% buffered formalin. The anterior cerebrum, cut coronally at the level of the optic chiasm, was 972 embedded in paraffin. Sections (6 m thickness) were stained with solochrome cyanine for visualization of myelin. Corpus callosum thickness was measured in the midline and adjacent to the cingulum. As described previously in detail (21, 22) , frontal cerebrum homogenates were used to quantify glial fibrillary acidic protein (GFAP), synaptophysin, and myelin basic protein (MBP) by using Western blots. Corpus callosum homogenates were used to assay the myelin related enzyme p-nitrophenylphosphorylcholine phosphocholine phosphodiesterase (PNPP), and the oligodendrocyte-related enzyme ceramide galactosyltransferase (CGalT) by biochemical means. Two or three replicated studies were performed to ensure reproducibility and allow meaningful statistical analysis.
Statistical analysis. Data are presented as mean Ϯ SEM. For Western blots, the densitometric values were normalized to those of control values and percent changes relative to control are indicated. They were analyzed by nonparametric methods, either Mann-Whitney test or Kruskall-Wallis test as appropriate for the number of groups. Quantitative behavioral data were analyzed to confirm a normal distribution. Statistical analysis then consisted of two-tailed t test or ANOVA with posthoc Fisher least square difference calculations for inter-group comparisons, as appropriate. To take into consideration multiple tests, statistical significance was defined as p Ͻ 0.03. Software used was StatView 5 (SAS Institute; Cary NC, U.S.A.). Power was calculated using the online Power Calculator tool (http://ebook.stat.ucla.edu/calculators/powercalc/).
RESULTS

Experiment 1.
For the final analysis 24 rats were used (8 saline, 8 low dose, 8 high dose). Excluded from the analysis were 1 rat that died during kaolin injection, 5 that died of uncertain cause, and 1 that was euthanized during drug treatment because of severe neurologic deficits. There was no obvious adverse effect of the MgSO 4 in these rats. The average pretreatment serum Mg ϩϩ level was 1.13 Ϯ 0.01 mM/L. Samples taken the day of sacrifice showed that Mg ϩϩ levels were high (Ͼ7 mM/L) for only the first 120 min (Fig. 3) .
Morphologic and biochemical analysis of brains from hydrocephalic rats at the end of the experiment revealed no statistically significant difference between the groups for body weight, ventricle size, PNPP, CGalT, MBP, and synaptophysin ( Table 1 ). The high dose group (4.1 mM/kg/d) performed better on the accelerating rotating cylinder (p ϭ 0.0248) and tended to perform better on the continuous speed cylinder and in the water maze test (Figs. 4 and 5) . Corpus callosum thickness showed a trend in improvement. The power of these tests is in the range of 0.25-0.30; to increase the power to 0.80 would require sample size of~35 per group. There was a statistically significant reduction in reactive gliosis as indicated by GFAP content in the frontal cerebrum (p Ͻ 0.02). Experiment 2. We conducted the second experiment to determine whether higher MgSO 4 doses (8.2 mM/kg/d) could protect rats more effectively. For the final analysis 21 rats were used (4 nonhydrocephalic control, 10 saline, 7 high dose). Excluded from this experiment were 2 rats that died during kaolin injections, 1 that died of unknown cause during drug treatment, 3 that were euthanized before drug treatment, and 3 that were euthanized during drug treatment due to severe neurologic deficits. Also, 2 rats that we thought were likely to die due to severe early neurologic deficits were treated in an unblinded manner with high dose MgSO 4 . One of these rats survived until the end of the experiment, however, neither are included in the final analysis. The high dose MgSO 4 injections were associated with profound lethargy and sedation for 1-2 h after the boluses. In contrast to experiment 1, serum Mg ϩϩ levels were significantly elevated (p Ͻ 0.02) in the treated group in the early trough phase, 3-6 h after the bolus.
Morphologic and biochemical analysis of brains from hydrocephalic rats at the end of the experiment revealed no statistically significant difference between the groups for any of the parameters tested ( Table 2 ). The treated group had a tendency to perform worse on the rotating cylinder; the sedative effect of the MgSO 4 likely played a role. The GFAP protein quantity tended to decrease in the high dose MgSO 4 group.
DISCUSSION
These experiments using young rats with kaolin-induced hydrocephalus show that MgSO 4 treatment, in a dosedependent manner, has a mild protective effect, but that high doses are associated with adverse effects, particularly sedation. The serum concentrations of Mg ϩϩ achieved here have previously been shown to be associated with increased levels of Mg ϩϩ in brain tissue (23) . MgSO 4 treatment can inhibit the intracellular Ca ϩϩ increase following experimental head trauma (24) and can protect the traumatized brain when administered as late as 24 h after the injury (25, 26) . We have previously shown that calcium-activated proteolysis (activated calpain) is associated with the axonal injury in experimental hydrocephalus (3) . Therefore Mg ϩϩ might prevent activation of calpains by antagonizing Ca ϩϩ movements into damaged axons. Alternately, like nimodipine, which is protective to a greater degree than MgSO 4 in this experiment (13) , Mg ϩϩ might enhance cerebral blood flow (10) , thereby reducing the 974 white matter damage caused by hydrocephalus. In both trials, MgSO 4 treated hydrocephalic rats had reduced GFAP content in the cerebrum, suggesting that there was less reactive astroglial change due to hydrocephalus (1). It is possible that this is due to a reduced axon injury stimulus, or perhaps it reflects a direct effect of Mg ϩϩ on astrocytes; in culture Mg ϩϩ causes increased proliferation of glial precursors but not mature astrocytes (27) , and Mg ϩϩ can modulate amino acid fluxes in astrocytes (28) .
An obvious shortcoming of this experiment was that MgSO 4 at high doses caused sedation in the rats. This may have obscured a protective effect on behavior. However, we did not observe structural or biochemical protection therefore this dose was likely without benefit. We do not know if the protection conferred by MgSO 4 is permanent. It would be useful to determine the effect by extending the experiment following discontinuation of the drug; however, because hydrocephalus is progressive new damage would be incurred. The reverse experiment, in which hydrocephalic rats are deprived of dietary Mg ϩϩ would also be of use for understanding interactions with Ca ϩϩ . Direct measurements of brain Mg ϩϩ would help interpretation of all these experiments.
In conclusion, we find that MgSO 4 provides mild protection against brain damage in a rat model of childhood-onset hydrocephalus. However, we cannot recommend this for therapy in humans at this time. It should be noted that a recent study showed antenatal MgSO 4 in preterm labor was associated with adverse neurologic outcome, in contrast to expectations (29) . We will continue to explore pharmacological approaches that might be used as a supplement to shunt treatment of hydrocephalus.
